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INTRODUCTION
With increasing prevalence and no effective treatment, Alzheimer's disease (AD) has become a global public health priority and a threat to healthcare systems [1] . Failure of recent clinical trials to improve cognitive functions in AD patients [2, 3] and studies suggesting a long preclinical phase of the disease [4] underline the need for earlier interventions, moving from early clinical dementia with mild cognitive complaints to a stage of preclinical AD with pathological changes of AD but no discernible clinical signs.
In this context, building accessible, easy to use prediction tools is of key importance to predict who, or which groups of persons, will develop the pathology of AD. Tools based on several genetic or imaging markers are already being used to improve enrollment in clinical trials by including asymptomatic, at-risk participants [5] . In the Dominantly Inherited Alzheimer Network Trial Units (DIAN-TU) [6] and Alzheimer Prevention Initiative (API) trials [7] , risk of developing AD is assessed based on carriage of known autosomal dominant AD mutations, which represents a perfect predictor of early-onset AD, or APOE ε4 status, an important but imperfect predictor of late-onset AD [8] [9] [10] . In the Anti-Amyloid Treatment in Asymptomatic Alzheimer's Disease (A4) trials, risk is assessed using positron emission tomography (PET) imaging of brain amyloid load but such imaging is expensive and exposes the screened population to radiation [11] . Other biomarkers can be measured in the cerebrospinal fluid (CSF) but lumbar puncture has relatively low acceptance rates in asymptomatic adults.
Recent genome-wide association studies (GWAS) and follow-up genotyping studies have broadened the spectrum of genetic variation known to underlie late-onset AD and provided a promising ground on which to build a prediction tool [8, [12] [13] [14] [15] [16] . Since the effect sizes associated with individual genetic variants are small, ranging from a 23% reduction to a 22% increase in risk, an aggregated genetic risk score (GRS) could perform better than any individual variant. Such an approach has been successfully used to replicate association of genetic variants with AD, [17] [18] [19] [20] [21] [22] [23] but also to show associations of AD-related genetic variants with mild cognitive impairment [21, 22] and endophenotypes such as brain volumes measured by MRI, [24] [25] [26] [27] cognitive tests, [18, 20, 22, 28] age at onset [23, 29] , or CSF biomarkers of AD [23, 30] . These results hinted at potential benefits of using genetic information to improve the selection of asymptomatic, at-risk participants in preclinical biomarker or drug trials.
So far, the genetic variations associated with AD outside the APOE locus have shown little improvement in risk prediction over known predictors [8, 18, 19, [21] [22] [23] [24] 26] . Moreover, only two of them have used the most recent set of single nucleotide polymorphisms (SNPs) available [21, 23] and only one used a prospective design [21] which might be better suited in a preclinical context.
Our objectives were to extend those results by constructing a GRS based on the most up-todate results and assess its association with risk of developing incident AD and its utility for risk prediction of AD over age, sex, education, and APOE ε4 in eight prospective cohorts.
MATERIALS AND METHODS

Study samples
We used the prospective cohorts from IGAP: the Framingham Heart Study (FHS), the Three City study (3C), the Rotterdam study, the Cardiovascular Health Study (CHS), the Age, Gene/Environment Susceptibility (AGES) study, the Religious Order Study/Memory and Aging Project (ROSMAP), the Adult Changes in Thought (ACT) study, and the Washington Heights-Inwood Community Aging Project (WHICAP). In most samples, baseline was defined as the time of inclusion in the study. In the FHS, we defined baseline as the time of blood draw for DNA extraction (~1990) although participants have been under dementia surveillance since 1974, to avoid survival biases. Participants aged less than 65 years at baseline were excluded as well as persons with prevalent dementia. Local ethics committees at each site approved the study and all participants provided written informed consent at enrollment (Supplementary Methods 1).
participants underwent complete neurological and neuropsychological evaluation. An initial decision was made regarding the presence or absence of dementia, using the DSM-IV criteria; [31] a diagnosis of possible, probable, or definite AD was made as a second step using NINCDS-ADRDA (National Institute of Neurological Disorders and Stroke Alzheimer's Disease and Related Disorders Association) criteria [32] .
Genetic data
Each study had genome-wide data acquired on various genotyping platforms that have been described elsewhere [16] . Genetic data were imputed using various versions of the 1000 Genomes reference panel, varying preimputation criteria and imputation software. In each study, genetic data was used as the expected allele count, i.e., allele dosage.
Selection of SNPs and construction of the GRS
To construct the genetic risk score, we selected the top SNP in each locus reaching genomewide significance in the combined discovery-replication stages of the IGAP meta-analysis, [16] with the exception of APOE. Thus, 19 SNPs were selected: rs6656401 (CR1), rs6733839 (BIN1), rs35349669 (INPP5D), rs190982 (MEF2C), rs9271192 (HLA-DRB5/ HLA-DRB1), rs10948363 (CD2AP), rs2718 058 (NME8), rs1476679 (ZCWPW1), rs11771145 (EPHA1), rs28834970 (PTK2B), rs9331896 (CLU), rs10838725 (CELF1), rs983392 (MS4A6A), rs10792 832 (PICALM), rs11218343 (SORL1), rs17125944 (FERMT2), rs10498633 (SLC24A4/RIN3), rs4147 929 (ABCA7), and rs7274581 (CASS4). We then recoded the odds ratios (OR) from the IGAP meta-analysis so they would all indicate an increased risk of AD and used the log(OR) and corresponding alleles to compute a weighted sum of risk allele dosages (Supplementary Methods 2). For descriptive purposes, we applied an additional transformation so that one unit of the GRS would be interpreted as one additional risk allele. Finally as one SNP (rs9271192) was missing in FHS, WHICAP, and Rotterdam because of poor imputation quality, an 18 SNP-based GRS was computed in these cohorts.
Statistical analyses
We used Cox regression models to estimate associations between individual SNPs, GRS, and risk of incident AD. Follow-up time was defined as time from inclusion to (1) first diagnosis of AD in incident cases, (2) last follow-up evaluation for persons who remained alive and did not develop AD, and (3) last time without known dementia for participants who developed dementia due to etiologies other than AD and those who died during followup.
We adjusted all models for age at baseline, sex, education levels, and presence or absence of at least one APOE ε4 allele (referred below as APOE ε4 status). Additional adjustment for study center and familial relationships was performed in multicentric studies and studies with related participants, respectively. We considered the GRS as a continuous variable and as tertiles. To meta-analyze results of studies utilizing the 18-and 19-SNP GRSs, we scaled all GRS so that their mean would be zero and their standard deviation one. Finally, we studied an additional model including an interaction term between APOE ε4 status and GRS. For all models, we verified that proportional hazards assumption was met by examining Schoenfeld residuals graphically.
We assessed improvement in risk prediction in each study by comparing a "base" Cox regression model containing age, sex, education, and APOE ε4 status to a "new" model containing the base model and the GRS as a continuous variable. Improvement in risk prediction was evaluated at fixed follow-up times of 5, 6, 7, and 8 years to allow comparison across studies. Three complementary measures of improvement in discrimination adapted to censored data were estimated: the difference in C-index (Δ-C), the integrated discrimination improvement (IDI), and the continuous net reclassification improvement (NRI>0) (Supplementary Methods 3). To help interpret those results, we used published simulated data to illustrate ranges of values for C-index, IDI, and NRI>0 that correspond to small, medium, and large effects (Supplementary Methods 3).
We used random-effects inverse variance meta-analyses to compute pooled estimations of hazard ratio (HR) and Δ-C. Heterogeneity across studies was quantified using I 2 .
All analyses were performed using R and various R packages (Supplementary Methods 4). The R scripts used to generate the results presented in this study are freely available on request.
RESULTS
Overall, 19,687 participants at risk were included in this project, of whom 2,782 developed AD after times of follow-up ranging from a mean of 5.9 years in AGES to 10.9 years in Rotterdam. Other demographic characteristics of participants in the individual studies are presented in Table 1 Table 1 ). These varying risks reflect the varying ages and baseline cognitive status of the cohorts. As expected, observed risk of AD increased with time in all cohorts.
We first considered associations between individual SNPs and risk of incident AD. Most of the associations were not statistically significant (Table 2) . Effect sizes were globally small, ranging from 0.92 [0.85-1.01] for CR1 to 1.07 [0.93-1.22] for CASS4 and were different from the estimations drawn from the IGAP meta-analysis ( Table 2) . As expected, having at least one copy of APOE ε4 was strongly associated with risk of incident AD (HR = 2.08; 95%CI = [1.92-2.26]; p-value = 2.09 × 10 −72 ; I 2 = 0%). As the samples used in this project were partially overlapping with the ones used in the original IGAP study, we ran an additional IGAP meta-analysis after excluding those and did not find significant changes in the estimations of HRs for the SNPs considered (Supplementary Table 2 ).
Distributions of the GRS across studies are provided in Supplementary Figure 1 . In nearly all studies, association of the GRS reached or was close to statistical significance, using a pvalue threshold of 0.05 (Fig. 1) . Effect sizes were remarkably consistent across studies, with HRs ranging from 1.12 in CHS to 1.24 in ROSMAP. When meta-analyzed, those results yielded a pooled HR of 1.17 (95%CI = [1.13-1.21] per standard deviation (SD) increase in GRS; p-value = 2.86 × 10 −16 ) with no evidence of important heterogeneity (I 2 = 0%). When considering tertiles of the GRS, being in the third tertile was associated with a HR of 1.42 (95%CI = [1.29-1.55]; p-value = 1.09 × 10 −13 ) when compared to the first tertile (Supplementary Figure 2) .
We observed a significant interaction between APOE ε4 status and the GRS (p-value = 3.45 × 10 −2 ), with a higher effect size in APOE ε4 carriers (HR = 1.24; 95%CI = [1.15-1.34] per SD increase in GRS; p-value = 7.63 × 10 −8 ; I 2 = 31%) than in non-carriers (HR = 1.13; 95%CI = [1.08-1.18] per SD increase in GRS; p-value = 2.40 × 10 −7 ; I 2 = 0%) (Fig. 1) . APOE ε4 carriers that were in the third tertile of GRS had an increased risk of incident AD of 62% (HR = 1.62; 95%CI = [1.26-2.07]; p-value = 1.33 × 10 −4 ; I 2 = 55%) compared to APOE ε4 carriers in the first tertile of GRS. In APOE ε4 non-carriers, this risk was increased by 33% (HR = 1.33; 95%CI = [1.19-1.49]; p-value = 8.18 × 10 −7 ; I 2 = 0%) in the third tertile of GRS compared to the first tertile (Supplementary Figure 2) .
Measures of improvement in risk prediction after 7 years of follow-up are presented in Fig. 2 and Supplementary Table 3. The "base" model, comprised of age, sex, education, and APOE ε4 status had good discrimination abilities, as illustrated by C-index ranging from 0.688 Table 3 ). Calibration of the models at 7 years of follow-up was good across studies (Supplementary Figure 3) .
When adding the GRS in this model, the difference in C-index was small, ranging from 0.002 in FHS to 0.009 in WHICAP, and was not statistically different from zero, except in the Rotterdam study (Fig. 2) . Meta-analysis of the difference in C-index yielded a pooled estimation of 0.0043 [0.0019-0.0067], homogeneous across studies (I 2 = 0%) and statistically different from zero (p-value = 4.92 × 10 −4 ). As for hazard ratio, difference in Cindex was higher in APOE ε4 carriers (Δ-C = 00112 [0.0015-0.0208]; p-value = 2.32 × 10 −2 ; I 2 = 42%) than in non-carriers (Δ-C = 0.0018 [−0.0003-0.0039]; p-value = 9.83 × 10 −2 ; I 2 = 0%) (Fig. 2) . Similar patterns were observed for IDI and NRI>0 across studies (Supplementary Table 3 ). Using fixed follow-up periods of 5, 6, and 8 years did not modify those figures, except in APOE ε4 carriers where a slight improvement was observed with increasing follow-up time (Supplementary Table 3 and Supplementary Figure 4) .
DISCUSSION
In this large set of prospective cohorts from IGAP, we studied the association of an aggregate measure of the genetic variants identified in a previous work [16] with incident AD. We observed that, compared to SNPs considered separately, the aggregate measure showed a significant association with incident AD, even without inclusion of APOE ε4.
Persons in the top tertile of this genetic risk score had a 42% higher risk of AD compared to persons in the bottom tertile, with higher risk among APOE ε4 carriers (62%) than in noncarriers (33%). When assessing the utility of this measure for individual risk prediction at 7 years, we observed small improvement over age, sex, education, and APOE ε4 status, with stronger effect in APOE ε4 carriers.
In this study, an increase in one standard deviation of the GRS, corresponding approximately to 2.5 risk alleles, was associated with a 17% increase in risk of developing AD. GRSs have been previously used to increase statistical power when studying associations with either AD status or AD-related endophenotypes. Results have often shown significant associations, depending greatly on whether APOE ε4 was included or not in the GRS [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Previous work from the Rotterdam Study, which was included in this study, reported similar increases of 14% (p = 0.010) [18] and 15% (p = 0.058) [21] in AD risk for an increase of one standard deviation of the GRS. These results confirm the small increase in risk carried on average by common genetic variants identified by GWAS and legitimate the use of GRSs to increase statistical power to identify such associations.
Persons in the top tertile of our GRS had a 42% higher risk of incident AD compared to persons in the bottom tertile. A recent study by Sleegers et al. reported an odds ratio of AD of 5.69 [4.17-7 .75] when comparing the fifth quintile of a GRS to the third quintile [23] . Although their GRS included APOE ε4 and had different units which makes the comparison to our GRS difficult, these results highlight the benefit of using a sufficient number of variants outside APOE ε4 to improve stratification of participants at higher risk of AD in the context of preclinical biomarkers or drug trials.
C-indexes for the base model were relatively high in all the studies indicating good predictive value. Our decision to include or exclude variables in this model was based on literature, expected availability and expected heterogeneity in the measure across studies. In terms of clinical utility for individual risk prediction, the estimations of differences in Cindex, NRI>0 and IDI were small across all of the studies, indicating limited clinical utility over age, sex, education, and APOE ε4 status. Those results are in agreement with previous studies that reported little clinical utility of genetic data outside APOE s in improving risk prediction of AD over other predictors such as age and education level [8, 18, 19, [21] [22] [23] . Given our results, the GRS seems currently more useful for risk stratification in a population than for individual risk prediction.
The significant interaction of the GRS with APOE ε4 status hinted at potentially useful strategies. Such results could be the basis for a genetic risk prediction decision tree. One could assess the APOE genotype, and according to it, follow-up with more complex genetic analysis. The GRS could help refine risk and age-at-onset predictions in the APOE ε4 positive subgroup that is currently the focus of several prevention efforts. Further, this measure could be a useful adjunct for risk stratification in clinical trials among the 75% of the population who are APOE ε4 negative, as 50% of the population burden of AD will manifest in this subgroup.
All the samples we used came from population studies and it would be interesting to see if the predictive performances of this GRS are improved in selected population, either persons consulting for memory complaints, mild cognitive impairment, or persons with other risk factors such as diabetes or hypertension. The timing is also of importance in assessing the utility of such a genetic risk prediction tool. We restricted our samples to persons over 65 years of age but the GRS could work best in young to middle-aged populations where gene-environment interactions leading to AD have not had the chance to express themselves. Such questions will require an even larger sample size to answer reliably.
The main limitation of this study is the use of study populations that were already part of the initial IGAP study where the variants used in the GRS were discovered [16] . As such, it is currently not feasible to obtain a large sample outside IGAP for independent validation. Nevertheless, the eight cohorts studied here were a small fraction of the larger sample used in the discovery of the SNPs constituting the GRS. We could have used the ORs derived from the independent replication stage of IGAP but as these were very close to the ones we used to construct our GRS, this should not have dramatically affected our results. The encouraging results we obtained should therefore be replicated in an independent cohort study.
There are other decisions we made in the construction of the GRS that could be argued but in this initial attempt to construct and validate a GRS, we chose a conservative approach. Thus our selection of the SNPs used in the GRS was based purely on statistical grounds. By selecting SNPs based on GWAS p-value threshold, we limited the number of false positive signals in our GRS, but we also excluded signals that could be replicated in future studies. For example, a follow-up study has already reported replication of the TRIP4 locus that was suggestive in the IGAP meta-analysis [33] . We also excluded some signals that failed to reach genome-wide association threshold in IGAP but have persuasive biological evidence in favor of a real implication in the pathophysiology of AD, such as CD33 [34] . Future work on alternative versions of a GRS could expand the list of SNPs included using a less stringent threshold of p-values and other criteria, e.g. predicted functionality or biological evidence.
Moreover, inclusion of rare variants could also improve the GRS. It is unlikely that a unique rare variant could dramatically improve risk stratification due to its low prevalence in any population, but theycould improve risk prediction in selected individuals and inclusion of genetic information in genes known to harbor multiple rare variants that alter risk for the disease could represent an interesting addition.
The SNPs used to create the GRS were based on studies using a case-control design. Thus, it is possible that the genetic risk factors identified so far only act very late in the pathophysiology of AD. Nevertheless, designing a GWAS of incident AD with a number of incident cases similar to IGAP would require prospective follow-up of hundreds of thousands of participants, which is currently not feasible.
Finally our GRS did not consider any gene-gene or gene-environment interactions which could be of importance [19] .
Our study has several strengths. First it presents data from the largest set of prospective studies of AD to date. The large sample sizes ensure sufficient statistical power and fairly precise estimations of risk while the prospective design ensure more accurate assessment of AD onset date. Second, we accounted for the differences in follow-up time by choosing a fixed time for estimating measures of improvement in risk prediction, ensuring comparability across studies. Finally, all studies used homogeneous definitions for the variables used as confounders and the statistical analyses were performed using the same statistical script.
In conclusion, we have shown that evaluation of the clinical utility of a GRS requires more than study of its association with incidence of a disease. In the context of AD, a risk prediction tool build using newly identified genetic information outside APOE ε4 showed a statistically significant, small improvement in individual AD risk prediction after 7 years of follow-up over age, sex, education, and APOE ε4 status. Nevertheless, this GRS may be a useful tool for improving risk stratification in clinical trials aimed at preventing the onset of clinical AD.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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